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219 (6) (8, 16, 17) . In contrast, cardiac muscle responds with a progressive decline in contractile force (10, 15, 20, 25) . In skeletal and cardiac muscle alike, relaxation is generally believed to result from an accumulation of Ca+f within the sarcoplasmic reticulum, a process which results in the concentration of Ca++ in the sarcoplasm in the immediate vicinity of the myofibrils falling below the critical level needed for contraction (18, 19, 26) . R ecently, Jenden and Fairhurst (16) concluded that ryanodine facilitates the development of contracture in skeletal muscle by interfering "with the intracellular Ca ++ translocation mechanisms that normally lower the sarcoplasmic concentration and thereby effect relaxation."
The contrasting negative inotropic effect of ryanodine on cardiac muscle can be counteracted, to some extent, by procedures which result in an accumulation of Caf+ by cardiac muscle (18, 2 1) and include a reduction in extracellular K+, replacement of Na+ with either Li+ or sucrose, increasing the frequency with which contraction occurs (13), and adding either caffeine, cardiac glycosides, or excess Ca ++ (13, 20 Measurement of 45Ca uptake, The incubation medium contained 0.25 M sucrose, 5 mM histidine buffer, 0.1 M KCl, 3 mM ATP, 1 rnM CP, 0.5 mM K oxalate, 5 mM MgC12, 0.1 mg/ml CP kinase, 0.5 mM CaC12, and 45Ca. The total volume of the reaction mixture was 10.0 ml. Ryanodine, dissolved in 4"Ca-free incubation medium, was added to half of the flasks. Flasks containing; the incubation medium with and without ryanodine, were<equilibrated in a shaking water bath at 37 C for 10 min before the uptake reaction was initiated by adding sarcotubules to provide a concentration of 0.5 mg sarcotubular protein per milliliter incubation medium.
Five and 10 min later, samples were taken from duplicate flasks (one with and one without ryanodine) and filtered simultaneously, using type HA Millipore filters with an average pore size of 0.45 p diameter. Filtration, effected by applying a negative pressure, was complete within 2 sec. The 45Ca bound by the sarcotubules, which are trapped on the filter disc, was determined by liquid scintillation spectrometry as previously described (4) and corrected for the 45Ca retained by the filter discs when sarcotubular-free incubation medium was filtered. In some experiments oxalate was omitted from the incubation medium. 45Ca &ease. Duplicate sarcotubular fractions were labeled with 45Ca by incubating them at 37 C for 10 min in the 45Ca-labeled medium described above, and then were removed, filtered and resuspended in 10 ml of 45Ca-free incubation medium with and without ryanodine. After 2, 5, and 10 min incubation at 37 C, samples were removed from each flask, filtered, and the 45Ca retained by the sarcotubules was determined by liquid scintillation spectrometry as described above. In some experiments oxalate was omitted from the incubation medium. ATPase activity. The ATPase activity of the sarcotubular fraction was determined by measuring the inorganic phosphate (Pi) 
Effect of Ryanodine on Trupnin-Ca++ Cmnjdex
Pref2aration of trofmin. Isolation and purification of troponin was carried out in the presence of 0.5 rnM DTT (11, 29) . Minced dog heart muscle was homogenized with an equal volume of 0.5 mM DTT in a Braun Blendor, The homogenate was centrifuged at 680 X g for 15 min at 4 C, the supernatant was discarded, and the sediment mixed with an equal volume of absolute ethyl alcohol, containing 0.5 mM DTT, and centrifuged as above. The supernatant was discarded and the sediment was resuspended in four volumes of 1: 1 ethyl alcohol-HZO, containing DTT as above. and centrifuged at 900 X a at 4 C for 10 min. The NAYLER, DAILE, CHIPPERFIELD, AND GAN sediment was resuspended twice in 97 % v/v ethyl alcoholHz0 plus 0.5 mM DTT, and the resultant precipitate was filtered on a Whatman no. 1 filter paper, using a Buchner funnel under vacuum.
The fibers were washed with two changes of diethyl ether, filtered as before, and then dried in air at room temperature.
These washed fibers were then extracted twice with a solution containing 1 M KC1 (pH 7.0) and 0.5 mM DTT, using 800 ml/100 g fibers. The first extraction was carried out for 16 hr and the second for 3 hr; and the solids were centrifuged down at 12,100 X g each time. The combined crude extracts were then precipitated (in the presence of 0.5 mM DTT), at pH 4.6, to concentration of either 5 X 10m6 or I X 10m5 M. The T, declined and T, and R t 0. 5 increased significantly. The mean results from these experiments, summarized in Table 1 , show the effect of ryanodine on T,, Tt, and R,o. 5, to be dose dependent and more marked in those preparations which were stimulated to contract at the slower rate. Thus, 10 min after 1 X IO-" M ryanodine was added to papillary muscles which were contracting 36 times/min, T, had declined by 36.6 % compared with a decline of 84.0 % displayed by paired papillary muscles which were contracting only 12 times/min. This difference was significant (P < 0.001). At the same time T, and Rio, 5 for separate troponin from tropomyosin. The supernatant from muscles which were contracting at the faster rate had the precipitation provided the starting point for troponin increased significantly (P < O.OOl), by 45.1 and 73.9Y0, which was purified from it as follows The pH of the superrespectively. These increases in T, and R, 0.5 were signifinatant, which contained 0.5 mM DTT, was adjusted to 7.0 cantly different from the increases of 58.0 (P < 0.01) and (with NaOH) and dialyzed overnight against two changes 81.4 % (P < O.OOl), respectively, displayed by paired of 10 volumes all-glass-distilled water. After dialysis, the muscle preparations which were contracting at the slower pH was adjusted to 4.0 (with HCl) and the precinitate rate. A obtained by centrifugation at 2,700 X 9 at 4 C for 15 min was redissolved in an aqueous solution at 0.5 mM DTT. The pH was adjusted to 7.0. Ammonium sulfate was added to 40 % saturation, and the precipitate was removed by centrifugation at 12,100 X g for 20 min at 4 C. Ammonium sulfate was added to this supernatant to 60 % saturation, the precipitate was collected at 12,100 X g and dissolved in 0.5 mM DTT, pH 7.0. Potassium chloride was added to provide a final concentration of 1 M, and any contaminant tropomyosin was removed by adjusting the pH to 4.6, centrifuging at 12,100 X g for 30 min at 2 C, and discarding the precipitate.
Finally, the solution was dialyzed against two changes of buffer containing 0.5 mM DTT, 60 mM KCl, 30 JTlM imidazoline, and 2 mM MgC12, pH 7.0. After dialysis any suspended particles or residual precipitate was removed by centrifugation, as before, and by drawing off the supernatant carefully. Afinity of troponin for Ca ++. These results were interpreted to mean that the negative c, inotropic effect of ryanodine on dog heart muscle is dose dependent, is more marked at slow than at faster rates of contraction, and is accompanied by significant, dosedependent increases in the time taken during individual contractions for peak tension to develop and for relaxation to occur.
Efect of Ryanodine on Uptake and Release of 45Ca from Cardiac Muscle 45Ca uptake. The effect of ryanodine on the uptake of 45Ca by isolated papillary muscles is evident in the data summarized in Table  2 which show that doses of ryanodine which cause a highly significant fall in the peak tension developed by papillary muscles during regular contraction cause only small nonsignificant changes in their 4SCa-accumulating activity. 45Ca release. The effect of ryanodine on the rate at which 45Ca is released from 45Ca-labeled papillary muscles is shown by the data displayed in Fig. 1 .
These data show that ryanodine causes a dose-dependent increase in the rate at which 45Ca is released from papillary muscles. The increased rate of 45Ca release is apparent during the first 2 min of incubation. The 45Ca released from papillary muscles which had been incubated for 2 min in the presence of 1 X 10m5 M ryanodine was significantly greater (P < 0.001) than that released from paired muscles incubated in the absence of ryanodine. The effect of 5 x 10+ M ryanodine on 45Ca efflux from papillary muscles exposed to ryanodine for 2 min was significant at the level of P < 0.005. This effect of ryanodine on 45Ca efflux was maintained during longer periods of incubation, as is shown by the data displayed in Fig. 1 (6) 12 (6) 36 (6) 12 (6 Table 3 .
These results show that in the presence but not in the absence of oxalate both doses of ryanodine (5 X IO+ and 1 X 10m5 M) inhibited uptake of 45Ca by isolated sarcotubules. This inhibitory effect of ryanodine on the uptake of 4SCa by sarcotubules incubated in the presence of oxalate NAYLER, DAILE, CHIPPERFIELD, AND G-AN ATPuse actmity. Preliminary studies showed that when Ca++ was added to sarcotubules incubated in an EGTAbuffered Ca++-free solution there was a highly significant increase in the rate of ATP hydrolysis.
A typical result is shown by the data displayed for the control curve in Fig. 2 
DISCUSSION
These results show that doses of ryanodine which exert a negative inotropic effect on cardiac muscle, which prolong the time taken during contraction for peak tension to develop and which slow relaxation, have no significant effect on the rate at which 45Ca is accumulated by but increase the rate at which 45Ca is lost from cardiac muscle. In addition, they show that these same doses of ryanodine interfere with the 45Ca accumulating activity of isolated sarcotubules when these are incubated in the presence but not in the absence of oxalate-an effect which is accompanied by an increased rate of ATP hydrolysis.
Ryanodine had no significant effect on the amount of ionized Ca displaced from the reticulum during electrical stimulation, nor did it modify the affinity of troponin for Ca+f. This effect of ryanodine on the efflux of Ca++ from cardiac muscle resembles that described by Ahmad and Lewis (l), Bianchi (Z), and Hajdu (12) for skeletal muscle. Possibly it reflects a direct effect of the drug on Ca++ mobility and may contribute to the mechanisms whereby it depresses cardiac contractility, for these effects will lead to a fall in intracellular Ca +f. Earlier investigations have shown (10, 12, 13, 25) 
